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INTRODUCTION 
Waves which propagate along an embedded layer in a multilayered plate offer potential 
for the nondestructive characterisation of the layer and of the boundary conditions between 
the layer and the adjoining layers. Because the energy of these waves is concentrated in the 
layer, they may be expected to be considerably more sensitive to the local properties than 
Lamb waves which occupy the whole plate, and relatively insensitive to variations in the 
properties of other layers in the system. 
Examples of important inspection tasks involving embedded layers are the determination 
of the integrity of adhesive joints and the characterisation of the bondline properties of 
diffusion bonded joints. For adhesive joints, it has been shown [1] that measurements of the 
bulk velocities of an adhesive material may be used to infer the state of cure of the adhesive. 
Waves which propagate along the bondline layer of a joint and which are sensitive to the 
bulk properties of the layer and to the boundary conditions between the layer and the 
adherends could therefore be used to detect both poor cohesion [2-4] and poor 
adhesion [2,5]. For diffusion bonded joints, waves which travel along a bondline layer may 
be attractive for the examination of an interlayer which is introduced deliberately in the 
bonding process or of an unwanted layer which is formed accidentally during bonding. Our 
particular interest recently has been to inspect diffusion bonded titanium where unwanted 
oxygen during bonding may result in the formation of a layer of a relatively stiff but brittle 
phase (hard alpha) of titanium at the bondline [6]. 
If the modal properties of embedded layers are to be exploited for inspection then it is 
important to identify modes which offer maximum sensitivity, and to excite and measure 
these modes selectively. One selective method which has been used for exciting and 
detecting leaky Lamb modes in plates is the Null Zone technique, in which the angular 
alignment and frequency of a transducer are varied and modes are assumed to be excited 
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when the reflected signal is a minimum [7] or the transmitted signal is a maximum [8]. This 
technique enables the measurement of dispersion curves which may then reveal properties of 
the plate, and it works successfully for fluid-immersed plates when the acoustic impedance 
of the fluid is small compared to that of the plate. However, it is known [8,9] that plane 
wave reflection coefficient minima do not correspond exactly to the modal properties of the 
plate, and that the correlation deteriorates as the impedance of the fluid is increased. The 
purpose of this paper is to examine the validity of Null Zone measurements of modal 
properties of the embedded layers for the examples of adhesive joints and diffusion bonded 
joints, in which the embedding media have relatively high acoustic impedances. 
DISPERSION CURVES FOR ADHESIVE JOINTS AND DIFFUSION BONDED 
JOINTS 
Before studying the reflection coefficients for the embedded layers, we plot the modal 
properties and illustrate their sensitivity to the material properties of the layers. Dispersion 
curves for embedded modes in an adhesive joint have been published previously [8] and we have 
also discussed the modal properties of an embedded layer in diffusion bonded titanium in detail 
elsewhere [10]. The dispersion curves presented here were calculated using our modal model 
[10,11] and assuming a layer sandwiched between two semi-infinite half-spaces, as shown in the 
inset illustration in each figure. 
Predicted dispersion curves for an adhesive layer embedded in aluminium are shown in 
Figure l. The joint used for the reference curves (solid lines) has a 0.1 mm thick layer of 
adhesive with a bulk longitudinal velocity of 261 0 m/ sec, a bulk shear velocity of 1100 m/ sec 
and a density of 1170 kg/m3, representative of a high modulus epoxy resin adhesive. The 
respective properties of the aluminium adherends are 6330 m/sec, 3120 m/sec and 2820 kg/m3. 
Both of the materials are assumed to be perfectly elastic. For convenience the modes have 
arbitrarily been numbered 1 to 12 and the figure has been divided into three regions by drawing 
horizontal dotted lines at the bulk shear and longitudinal velocities of the adherends. In the 
lower of the three regions, below the bulk shear velocity of the adherends, the modes 1 to 6 are 
all true modes, propagating without leakage. In the central region the modes 7 to 12 leak 
energy in the form of bulk shear waves and may therefore be excited by shear waves incident in 
an adherend. Any modes in the top region leak both longitudinal and shear bulk waves; modes 
do exist in this region but are ofless interest than the leaky shear modes, as will be discussed 
later, and they have not been plotted here. 
The dashed lines in the figure are the curves for a 10 % increase in both the longitudinal and 
the shear bulk velocities of the adhesive. These curves show a marked difference from the 
reference curves in both the true and the leaky regions, demonstrating their attractiveness for the 
measurement of the material properties of the adhesive. Of course the dispersion curves are also 
sensitive to the thickness of the adhesive layer because they may all be scaled on the frequency 
axis with the frequency-thickness product of the layer. Two or more independent measurements 
would therefore be necessary in order to determine both the thickness and the bulk properties. 
Turning to the diffusion bonded titanium, our particular interest has been the detection and 
characterisation of an unwanted layer of hard alpha, a brittle phase of titanium which may grow 
at the bondline during the high-temperature bonding process if oxygen or nitrogen is present. 
Hard alpha is stiffer than titanium but about the same density, our own measurements and others 
[6,12] indicating longitudinal and shear bulk velocities some 5-10% faster than in the parent 
material. Predicted dispersion curves for a 0.1 mm thick layer of hard alpha embedded in 
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Figure I. Disper ion curve in adhesive joint showing influence of stilfues of adhe ive. 
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Figure 2. Dispersion curves for diffusion bonded titanium, showing influence of stiffuess of hard 
alpha layer. 
titanium are shown in Figure 2. The titanium material has a bulk longitudinal velocity of 
6060 misec, a bulk shear velocity of 3230 misec and a density of 4460 kglm3. For the reference 
case (solid curves), the hard alpha has 10 % faster longitudinal and shear bulk velocities but 
retains the density of the titanium. Again the materials are assumed to be perfectly elastic. Also 
shown, by dotted lines, are the bulk velocities oflongitudinal and shear waves in the embedding 
titanium, identifYing the three regions of true and leaky modes, as with the adhesive joint. For 
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convenience the modes have been labelled 1 to 9. All of the modes leak very strongly [10], 
modes 1 to 5 in shear and modes 6 to 9 in both shear and longitudinal bulk waves. 
For comparison, the dashed lines in Figure 2 are the dispersion curves which are obtained 
when the hard alpha is assumed only to have a 5 % increase in bulk velocities with respect to the 
titanium material. Again it can be seen that the dispersion curves are rather sensitive to the 
properties of the embedded layer. 
EXCITATION AND MEASUREMENT OF MODES IN EMBEDDED LAYERS 
The application of the Null Zone technique to waves in an embedded layer is illustrated in 
Figure 3. A signal from the transmitting transducer is incident on the top surface of the 
joint, is refracted in the top adherend and is then incident on the layer. The signal reflected 
from the layer passes the interface once again and is received by the receiving transducer. 
Both reflection and transmission occur at each interface which is encountered on the path, so 
that the received signal contains a number of time-separated components. By gating out all 
components other than that from the layer, the finite thicknesses of the adherends are no 
longer an influence and it is valid to study the system as a finite layer embedded in an infinite 
medium. Clearly the technique is most useful at transducer angles where only shear waves 
are refracted in the adherend; at smaller angles where both longitudinal and shear waves are 
refracted there may be an excessive number of components in the received signa~ and at 
larger angles where neither wave is refracted it is impossible to excite any of the true modes 
which may theoretically be permissible in the layer. 
Coupling fluid 
Transmitting 
transducer 
Embedding medium 
Receiving 
transducer 
Figure 3. Excitation of wave in embedded layer and detection at point of excitation by Null 
Zone technique. 
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Null zone measurements identify frequencies and transducer angles at which the reflected 
signal has minima in its amplitude, the assumption being that these conditions correspond to 
the excitation of wave modes. There are two reasons why these minima may be expected to 
correlate with the modal properties of the plate, and in both of these the received field may 
appear to be distorted with respect to the incident field as illustrated in Figure 3. One 
possible explanation (assumed in Leaky Lamb wave studies) is that the excitation of a mode 
corresponds to strong transmission of plane waves through the plate. The plate is therefore 
'transparent' to incident plane waves at such angles and frequencies. Since the finite incident 
beam may be considered as an angular summation of plane wave components, only certain 
of these components are affected by the phenomenon and the received signal is distorted. 
The second explanation is that when a mode is excited, it leaks energy back into the 
embedding medium and that this leakage interferes destructively with the direct specular 
reflection being detected by the receiver, causing minima in the reflection coefficient. 
However, the strong transmission assumption is not strictly accurate. It has been shown 
[9] that for a plate immersed in a fluid, the minima of the plane wave reflection coefficient 
may correspond acceptably with the excitation of modes, but when the acoustic impedance 
of the immersion fluid is increased then the correlation deteriorates. It is therefore to be 
expected that the minima caused by the strong transmission phenomenon may not match the 
modal characteristics of the adhesive joints and diffusion bonded joints in which the 
embedding media have relatively high impedances. On the other hand, minima due to the 
interference phenomenon can only occur when a mode is excited and should therefore 
always match the modal characteristics. 
COMPARISON OF DISPERSION CURVES WITH REFLECTION COEFFICIENT 
MINIMA 
Reflection coefficient model studies were conducted in two stages. Initially, plane wave 
reflection coefficients were calculated and compared with the dispersion curves. Since the 
plane waves occupy an infinite field, the interference phenomenon cannot occur and the 
minima are therefore due solely to the strong transmission phenomenon. This comparison 
therefore allows the degree of correlation of the plane wave reflection coefficient minima 
with the modal characteristics to be examined. Then, as a second stage, a finite acoustic 
beam was simulated and the reflected field was studied in order to determine whether 
minima due to interference could be found in addition to those due to strong transmission. 
All of the predictions were made using a general purpose model which was developed at 
Imperial College [13]. 
Predicted plane wave reflection coefficient minima for the adhesive joint are shown in 
Figure 4, together with the dispersion curves. Shear plane waves are incident in the 
adherend at the angles shown on the right hand side of the figure. For each angle which was 
studied, the circles in the figure indicate the locations in the frequency spectrum at which the 
plane wave reflection coefficient is a minimum. Some of the minima lie close to the 
dispersion curves but there is not a consistent mapping, especially at the smaller angles 
where measurements would be easiest. It is therefore clear that measurements of the plane 
wave reflection coefficient minima may not be used directly to yield the dispersion curves. 
Similarly, the plane wave reflection coefficient minima for the diffusion bonded joint are 
shown in Figure 5. Again there is generally poor correlation of the minima with the 
dispersion curves, although the correlation improves as the frequency is increased. It is 
interesting too that the modal attenuation of these modes (not shown here) decreases with 
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Figure 4. Disper ion curves and plane wave reflection coefficient minima for adhesive joint. 
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Figure 5. Dispersion curves and plane wave reflection coefficient minima for diffusion 
bonded joint. 
frequency so that the correlation of the minima with the dispersion curves appears to be 
inverse1y related to the modal attenuation. 
The simulation of the finite acoustic beam is illustrated in Figure 6. The study was 
conducted primarily on the titanium joint and the objective was to determine whether 
minima due to the interference phenomenon could be detected, separately from the plane 
wave reflection minima, at angles and frequencies which correspond to the dispersion 
curves. The simulation was simplified by working in angular ranges where only shear waves 
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Figure 6. Arrangement of simulation of reflected field from diffusion bonded joint. 
were incident in the top adherend and the bottom adherend was assumed to be semi-infinite 
in order to avoid reflections from the bottom surface. Thus two reflections were present, 
labelled Rl and R2 in the figure and the objective was to observe any distortion ofR2. The 
beam profile was Gaussian in shape and steady state harmonic excitation was applied. 
Figure 7 shows the results of one such simulation, performed at 25 MHz at the location 
on the dispersion curves which is marked in Figure 5. Two angles were considered, one 
corresponding to the locus of the plane wave reflection coefficient minimum and the other to 
the dispersion curve for mode 2. It can be seen that the reflected beam is distorted markedly 
in the first case, as some of the plane wave components of the field are transmitted strongly 
through the layer. In the second case however the reflection is specular. Indeed in a range 
of studies of both diffusion bonded and adhesive joints, no evidence was found of distortion 
or reduction of amplitude of the reflected beam at the locations corresponding to the 
dispersion curves. It was concluded that in fact the waves in the layer are not excited 
because they are extremely attenuative. The incident wave in the adherend couples correctly 
with the wave in the layer only in the real part ofthe wavenumber; the coupling of the 
imaginary part, which describes attenuation and is also required by Snell's law, is not 
achieved. 
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Figure 7. Reflected field (R2) from embedded layer in diffusion bonded titanium. 
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CONCLUSIONS 
When attempting to exploit the Null Zone technique to excite and measure modes in 
embedded layers, two separate phenomena which are responsible for the reflection minima must 
be considered. Minima occur either when there is strong transmission of the dominant plane 
wave components of the finite field through the layer, or when leaking energy from a mode 
interferes with the reflected beam. In the latter case, the minima correspond directly with the 
modal properties of the system, but in the former case the correlation can be poor. 
In model studies of adhesive joints and diffusion bonded joints it has been found that minima 
occur only as a result of the strong transmission phenomenon and that these minima correlate 
poorly with the modal characteristics of the layers. There is no evidence of interference of 
leaking energy with the reflected beam at transducer angles and frequencies which correspond to 
wave modes and there is therefore no evidence that the modes are excited. It is concluded that 
in fact the modes are not excited because of poor coupling, the imaginary parts of the 
wavenumbers of the incident beams failing to match those ofthe modes. 
It follows therefore that reflection coefficient minima are not useful for the measurement of 
the dispersion curves of the embedded layers in these joints and cannot be used to exploit the 
modal sensitivity. The loci of the reflection coefficient minima may nevertheless be a useful 
measure of the properties of the embedded layers in their own right, without considering their 
relationship with the modal properties. 
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